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ABSTRACT 
 
 
Ferroelectrics have shown potential as a promising alternative material for future 
photovoltaic applications. Observance of high open circuit voltages in ferroelectric thin films, 
have generated considerable interest in the field of ferroelectric photovoltaic in recent years. 
The field of ferroelectric photovoltaic is evolving and not yet completely understood 
compared to the semiconductor based photovoltaic technology. This dissertation investigates 
photovoltaic characteristics of ferroelectric films in an attempt to further the understanding of 
ferroelectric photovoltaic. 
 
This dissertation presents photovoltaic properties of ferroelectric Pb0.95La0.05Zr0.54Ti0.46O3 thin 
films. The films were fabricated by solution based method and spin coating technique. The 
post annealing process on these films was optimized to achieve the desired ferroelectric and 
dielectric properties. A measurement setup was established to study the PV characteristic of 
the devices. Dependence of current-voltage (I-V) behavior of the cells on parameters such as 
electrical poling, annealing temperature, nature of top electrodes, and intensity of 
illumination, were investigated. The photovoltaic response was shown to improve by using 
electrodes with low work functions. An electric circuit model was developed to simulate the 
behavior of a single ferroelectric photovoltaic cell and the dependence of open circuit voltage 
(Voc) and short circuit current (Isc) on light intensity. 
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CHAPTER 1 
INTRODUCTION 
 
1.1  Overview of the Research Project 
 The objective of this research is to demonstrate the photovoltaic response of thin films 
of a ferroelectric material and evaluate their use for future photovoltaic applications such as 
solar cells and/or UV sensors. The ferroelectric material chosen for this study was Lanthanum 
doped Lead Zirconate Titanate represented by the chemical formulae Pb0.95La0.05Zr0.54Ti0.46O3 
(PLZT). Solution based processing, commonly known as chemical solution deposition, was 
used to fabricate these films [1-2]. This method utilizes metal organic precursors to make 
chemical solutions of a desired composition. For this work, the chemical solutions were 
prepared in-house using the Metal Organic Decomposition (MOD) route. This route has been 
extensively used to grow high quality ferroelectric thin films of various materials [1-3]. The 
advantage of this technique is that films can be prepared at room temperature at ambient 
atmospheric conditions, thereby alleviating the need for high vacuum processes. The method 
is inexpensive and scalable to larger substrate sizes. To achieve the objective, the following 
tasks were accomplished: 
1. Optimize the processing conditions to achieve high quality films of PLZT. 
2. Characterize the grown films for phase and ferroelectric properties. 
3. Fabricate test solar cells in capacitor configuration and measure their photovoltaic      
    response. 
4. Use innovative methods to improve the photovoltaic characteristics of these test devices. 
5. Predict the behavior of the devices using mathematical simulation model. 
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1.2  Photovoltaic Technology 
 
 Photovoltaic (PV) materials and devices convert sunlight into electrical energy, and 
photovoltaic cells are commonly known as solar cells. Photovoltaic technology is the 
application of photovoltaic cells for generating electricity from light. One of the attractions of 
PV technology is the ability to generate electricity in a clean, quiet and reliable way. The 
current market of PV technology is dominated by semiconductor-based solar cells. In a 
conventional semiconductor-based PV cell, when illuminated, charge carriers (electron–hole 
pairs) are generated at the depletion region (p-n junction) of the semiconductor. These 
generated carriers give rise to photo current and photo voltage, which can be harvested in a 
useful manner. The voltage produced depends on the electronic band gap of the 
semiconductor.  The PV technologies differ on the basis of the type of material used, which 
determines the current voltage (I-V) characteristics and the efficiency of the photovoltaic 
device. Figure 1.1 shows development of the PV cell technology over time and the 
conversion efficiency of these devices [4]. 
 Photovoltaic cells, based on silicon and III-V semiconductor compounds, have high 
conversion efficiencies. Single junction and multi junction derivatives of these materials have 
the highest conversion efficiencies and are commonly used in space and terrestrial 
applications. Organic, inorganic and quantum dot cells are other emerging PV cell 
technologies; though the efficiencies of these cells are lower in comparison to their 
semiconductor counterparts, they have found a place in figure 1.1 due to their cost 
effectiveness.  
 
 3
 
 
Figure  1.1      Current status of PV cells and their efficiency [4]. 
 
 Solar cells have achieved an efficiency of ~ 43.5 % as a result of research and 
development efforts in the last 30 years [4]. There is an ongoing quest to improve the 
efficiency of the PV cells further, and to reduce the fabrication cost. Generation of maximum 
power per dollar is the main factor, which drives the PV research and the industry forward. 
Exploring the viability of alternate materials for increasing the efficiency of PV cells has 
gained momentum in the past decade. Ferroelectric materials are one of the latest additions 
among these, and this research area is generally referred to as ferroelectric photovoltaic.
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1.3   Ferroelectric Photovoltaic  
 
1.3.1  Ferroelectric Materials 
 
 In a crystal, the atoms are arranged in a periodic pattern. The smallest unit which 
defines the periodic pattern in the crystal is called a unit cell. The crystallinity of the solid 
arises from spatial arrangement of atoms in the unit cells, which are held together by inter-
atomic bonds. In some materials, due to the nature of these inter-atomic bonds and the 
arrangement of atoms, the centers of positive and the negative charge in the unit cell 
coincide. This leads to the formation of centro-symmetric unit cells. However, there are other 
types of unit cells, which are not centro-symmetric, in which spontaneous polarization can 
exist. The spontaneous polarization in the crystal produces an electrical dipole moment which 
is affected by an external electric field. While this electric field is applied to the non centro-
symmetric materials, it can control the electrical dipole moments causing the polarization to 
increase, decrease or reverse the direction. The property of certain materials to exhibit a 
spontaneous electric polarization, which can be reversed by application of an external electric 
field, is called ferroelectricity [5]. 
Crystal structure can be classified into 32 point groups. Based on their symmetries, 21 
of them are non centro-symmetric and 11 are centro-symmetric. The 20 out of these 21 non-
centro-symmetric groups are piezoelectric, and 10 of these 20 piezoelectric groups are 
pyroelectric. Piezoelectricity is the induced electrical charge in the material, in response to an 
applied mechanical stress. Pyroelectricity is the ability of the materials to generate voltage or 
current in response to change in temperature. All ferroelectric materials are piezoelectric as 
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well as pyroelectric. Typical examples of ferroelectric materials are Barium Titanate 
(BaTiO3), Potassium Niobate (KNbO3), Barium Strontium Titanate (BaxSr1-x)TiO3 (BST) and 
Lead Zirconate Titanate Pb(ZrxTi1-x)O3 commonly referred as PZT. 
In this work, Lanthanum doped PZT was used to explore the photovoltaic response. 
Lead zirconnate titanate (PZT), a solid solution of PbZrO3 and PbTiO3, is one of the most 
extensively studied material system at the morphotropic phase boundary (MPB) with 
composition of Zr/Ti ration 52/48. At the MPB composition, the tetragonal and rhombohedral 
phases of PZT co-exists, giving rise to high ferroelectric and piezoelectric values. These 
properties can also be tuned by doping with other elements. Doping with Nb is reported to 
increase the effective transverse piezoelectric coefficient -e31,f as well as pyroelectric response 
[6]. Similarly, doping PZT with an appropriate amount of La has shown to enhance the 
optical properties of the material. 
Unit cell structures of PZT ferroelectric material with two polarization states (up and 
down) are shown in figure 1.2 (a) and (b). A shift in the center ions of Zr4+/ Ti4+ ions with 
respect to the oxygen tetrahedron correspondingly leads to an up polarization state and a 
down polarization state. An electric field, when applied to the up polarization state of the 
crystal, can shift the Zr4+/ Ti4+ ions and the oxygen tetrahedron in the opposite direction, 
causing polarization switching. A few adjacent ferroelectric unit crystals of similar 
polarization align together, to form a ferroelectric domain. 
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                              (a)                                                                     (b) 
Figure 1.2 Unit cell structure of a PZT cubic perovskite with (a) up polarized (b) down 
polarized crystal structure [7] 
 
 Ferroelectric material exhibits a hysteresis behavior with applied electric field as 
shown in figure 1.3 (a). As shown in the figure, with an increase of the applied electric field, 
the numbers of domains grow and orient themselves with the applied field, gradually till they 
attain the saturation polarized state (Ps). For each ferroelectric domain, the polarization points 
towards a particular orientation. With removal of the electric field most of the domains do not 
return to the random aligned states. Some of these domains retain a stable state of 
polarization, which is called as the remanent polarization (Pr) state of the ferroelectric. Figure 
1.3 (b) also shows corresponding ferroelectric domain orientations in the crystal, with the 
applied electric field at each point of the hysteresis curve. The remanent polarization points to 
+Pr (at zero electric field) after the crystal is subjected to a positive electric field, or switches 
to –Pr state with an application of negative field. Thus Pr can be switched with application of 
electric field. The ability to switch the polarization with an applied electric field makes the 
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ferroelectric materials attractive towards solid state memories (FeRAM) as well as 
photovoltaic applications.  
              
 
Figure 1.3 A typical (a) ferroelectric hysteresis loop with (b) corresponding domain 
alignments [8]. 
 
1.3.2  Mechanism of Ferroelectric Photovoltaic 
 
 When a ferroelectric material is illuminated with light of wavelength corresponding to 
the energy band gap (Eg) of the material, charge carriers (electron-hole pairs) are generated. 
These photo generated carriers are separated and driven to the electrodes by the polarization 
induced internal electric field, causing a photovoltaic output. For a junction-based 
semiconductor photovoltaic device, the electric field, which exists at the depletion layer at the 
interface (p-n junction), separates the charge carriers. Thus, photovoltaic effect in 
+
-Pr 
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ferroelectrics is a bulk-based effect, which differs from the junction-based semiconductor 
photovoltaic effect. Since the internal electric field is not limited to an interfacial region in a 
ferroelectric, PV responses can be generated without forming complex junction structures. A 
simplified schematic of this mechanism is shown in figure 1.4 (a and b). 
 
      
                            (a)                                                                   (b)                  
Figure 1.4 Simplified schematics of PV mechanism in (a) semiconductor p-n junction and (b) 
ferroelectric thin film [9]. 
 
1.3.3  History and Current Status of Research 
 
 
 The photovoltaic effect in ferroelectric single crystals and ceramics (bulk) such as 
BaTiO3, Pb(Zr,Ti)O3, and LiNbO3 was observed earlier [10-12]. The origin of this effect was 
attributed to the non-centrosymmetric nature of the unit cell [13,14]. The photovoltaic 
efficiency in these crystal/bulk materials was, however, limited due to small current densities 
of the order of nano-amperes/cm2 owing to their large band gaps. 
 The renaissance of research in photovoltaic ferroelectric materials (FE-PV) was a 
consequence of the observation of photo voltage, larger than the band gap of the material, in 
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thin films of Bismuth ferrite (BiFeO3). An open circuit voltage (Voc) of ~20V was obtained 
from BiFeO3 thin films, which have a band gap (Eg) of 2.67 eV [15,16]. It was also shown 
that the photo voltage could be reversed or enhanced, by controlling the ferroelectric 
polarization which was in turn controlled by electrical poling on lead based thin films [19]. 
Poling is the process of applying an electric voltage higher than the coercive field, to a 
ferroelectric material, while cooling it from transition temperature to room temperature. 
Poling helps to orient ferroelectric domains in one particular direction, resulting in maximum 
polarization.  
 PLZT is another class of ferroelectric material which is being studied for photovoltaic 
properties. One of the early works investigating the photovoltaic responses was based on 
ceramic of Pb0.97La0.03Zr0.52Ti0.48O3 (3/52/48) composition [17]. The photo response of 
various other compositions of PLZT ceramics was studied extensively by Poosanaas et al 
[18]. The maximum photocurrent was obtained from Pb0.97La0.03Zr0.52Ti0.48O3 (3/52/48) and 
the maximum photo voltage was obtained from Pb0.95La0.05Zr0.54Ti0.46O3 (5/54/46), as 
depicted in figure 1.4 [18]. 
It was Qin et al., who investigated the photovoltaic properties of PLZT thin films [19-
22]. Their work was based on Pb0.97La0.03Zr0.52Ti0.48O3 (3/52/48). They reported that power 
conversion efficiency (~0.01%) on epitaxial films was higher than their polycrystalline 
counterparts (~0.0002%), under illumination from an ultra violet light source [19].  Since the 
field of ferroelectric photovoltaic is young and evolving, reports on photovoltaic response of 
lead based thin films for other compositions are just evolving.  For this work, thin films of 
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composition Pb0.95La0.05Zr0.54Ti0.46O3 (5/54/46) was chosen, which is reported to show 
maximum photo voltage in the ceramic form.  
 
 
 
 
 
 
 
 
Figure 1.5   Contour map of photovoltaic response in PLZT ceramics. Photo voltage is found 
to be maximum at  5/54/46 [18] . 
   
Improving the texture of the film is one among many strategies used to increase the photo- 
voltaic efficiency. Epitaxial films grown using single crystal substrates are reported to have 
higher photo voltaic efficiencies than their corresponding polycrystalline form [16,19,23].  
 
 
 11
Modification of the internal electric field of the ferroelectric is another strategy used to 
improve the photo response which is investigated in this work. The short circuit current (Isc) 
generated in ferroelectrics, arises from the internal electric field induced by the ferroelectric 
polarization. This internal field, is composed of two components,   
 
(i) the depolarization field (Edp) originating from the polarization alignment in the 
bulk of the film, and 
(ii) the interface electrical field (Ei) resulting from the electrode-ferroelectric 
interface. 
 
As illustrated in figure 1.6, the depolarization field (Edp) is polarization dependent, and is the 
expected component responsible for the photo response of the ferroelectric materials to 
electrical poling [19,20]. The interface electric field (Ei) is polarization independent, and it 
originates from the Schottky contacts of the electrode-ferroelectric interface [24-28]. 
 
Simulations done by Qin et al. on PLZT films show that PV efficiency can be improved by 
reducing the thickness of the film and higher photovoltaic efficiencies can be achieved using 
ultrathin ferroelectric films [20,29]. However, fabrication of ultrathin films with retention of 
ferroelectric property is a challenge. 
 12
 
 
(a) 
 
(b) 
Figure 1.6 (a) The interfacial effect on the photo voltage in a ferroelectric material showing 
depolarized field (Edp) [20]. (b) Diagram of metal-ferroelectric-metal capacitors having 
symmetric and asymmetric Schottky contacts indicating the interface electric field Ei [28].  
  
 
 
 
E(dp) Polarization
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1.4  Organization of the Dissertation 
 
This dissertation focuses on investigating ferroelectric Pb0.95La0.05Zr0.54Ti0.46O3 (PLZT) films 
for photovoltaic applications. The dissertation is written in article style format and includes 
seven chapters which are based on five journal articles, and each chapter has its own 
bibliography. 
 
Chapter 2 describes the preparation of Pb0.95La0.05Zr0.54Ti0.46O3 thin films using solution 
based (MOD) method. The details on the fabrication process, optimization of structural and 
ferroelectric properties with process parameters are discussed. This article was published in 
the Journal of Integrated Ferroelectrics [30]. 
 
Chapter 3 discusses photovoltaic responses measured on post annealed 
Pb0.95La0.05Zr0.54Ti0.46O3 thin films. The post deposition annealing was found to influence the 
open circuit voltage Voc and short circuit current Isc of the capacitor type devices. The 
influence of illumination on the ferroelectric properties is discussed in this chapter. This 
article has been submitted to Journal of Ferroelectrics.  
 
Chapter 4 discusses about improving photovoltaic responses and the efficiency of 
Pb0.95La0.05Zr0.54Ti0.46O3 thin film devices, by choosing a low work function metal (Al) as the 
top electrode.  This article was published in Applied Physics Letters [31]. 
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Chapter 5 describes about modeling the current–voltage (I-V) characteristics of 
Pb0.95La0.05Zr0.54Ti0.46O3 films as a function of irradiance. An electric circuit model was 
developed and behavior of single cell photovoltaic device under various irradiance levels was 
predicted. This article was published in International Review on Modeling and Simulations 
[32]. 
 
Chapter 6 describes growth and characterization of Indium Tin Oxide (ITO) using pulsed 
electron deposition technique. The details on the deposition technique, optimization of optical 
and electrical properties of deposited ITO thin films with process parameters are discussed. 
This article was published in Journal of Vacuum Science and Technology A [33]. 
 
Chapter 7 presents the conclusion of the dissertation which summarizes the results of the 
overall research project. This chapter provides a brief summary of findings from all the five 
research articles. Suggestions for pursuing future research are provided in this chapter. 
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CHAPTER 2 
 
EFFECT OF ANNEALING ON FERROELECTRIC PROPERTIES OF 
LANTHANUM MODIFIED LEAD ZIRCONATE TITANATE THIN FILMS 1 
 
 
Abstract 
 
Thin films of lanthanum modified lead zirconate titanate with chemical formula 
(Pb0.95La0.05Zr0.54Ti0.46O3) were prepared using spin coating method. The sol for the PLZT 
was prepared in house by metal organic decomposition (MOD) technique. The prepared films 
were annealed in the temperature range of 550-750oC in a rapid annealing furnace in flowing 
oxygen to promote crystallinity in the films. Effect of post deposition annealing temperatures 
on the structure/morphology and ferroelectric properties of the films were examined using X-
ray diffraction, atomic force microscopy and ferroelectric tester. Parameters were optimized 
for obtaining films with excellent ferroelectric properties and low leakage currents. A high 
value of polarization ~ 72µC/cm2 coupled with a minimum leakage current density of  
10-8A/cm2 was obtained from films annealed at temperature of 750 oC. The results indicate 
that choice of proper annealing process is vital to control the structure and morphology which 
are important parameters to achieve good ferroelectric properties in PLZT films.  These films 
are being used to study the photovoltaic response from such material for their potential use in 
ferroelectric photovoltaic devices. 
 
                                                 
1 Work in this chapter is  published as “Effect of Annealing on Ferroelectric Properties of Lanthanum 
Modified Lead Zirconate Titanate Thin Films” Harshan V N and S. Kotru  in Integrated Ferroelectrics ,130 
(2011) 73-83. 
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2.1  Introduction 
 Lead zirconium titanate (PZT), a solid solution of PbZrO3 and PbTiO3, is the most 
extensively studied material system at the morphotropic phase boundary (MPB) composition 
with Zr/Ti ratio of 52/48. At the MPB composition, the tetragonal and rhombohedral phase 
co-exists resulting in very high values of ferroelectric and piezoelectric properties especially 
in the bulk. PZT system can be modified by doping with impurities to enhance various 
properties of the system. The effect of Nb doping on piezoelectric coefficient and  texture of 
PZT films has been studied [1-4] to find the optimal Nb doping level leading to the maximum 
value of effective transverse piezoelectric coefficient -e31,f [3] 
On the other hand, doping PZT with appropriate amount of La has been reported to 
enhance the optical properties of the system. Thus lanthanum modified PLZT system has 
become an equally important material. Due to the large electro-optic coefficient [5-8] , this 
material system finds applications in optical MEMS, optical modulators/transducers and 
smart sensors [9-13]. In addition it is becoming a material of choice for other applications 
where combination of ferroelectric properties and the optical transparency are utilized to 
exploit the potential for future photovoltaic devices [14]. Recent reports on the use of 
ferroelectric materials towards non-conventional photovoltaic (PV) devices [15]  due to their 
ability to exhibit above band gap voltages have generated interest for using the ferroelectric 
materials towards future PV devices [16]. Other ferroelectric oxides which have been studied 
for such applications include BiFeO3 and LiNbO3 [17,18] 
The highest photovoltaic response in the PLZT ceramic system was observed in the 
3/52/48 (Pb0.97La0.03Zr0.52Ti0.48O3) composition by Uchino et al [13] . Later an extensive 
study on the photo response of various compositions of PLZT ceramics was done by 
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Poosanaas et al [19]  which shows that the maximum photo current and photo voltage are not 
obtained from the same composition. In their work, the maximum photocurrent was obtained 
for PLZT composition of 3/52/48 whereas the maximum photo voltage was obtained at PLZT 
composition of 5/54/46 (Pb0.95La0.05Zr0.54Ti0.46O3). There is plethora of papers based on 
fabrication of PLZT films by various techniques including vacuum deposition processes such 
as PLD [20], sputtering [21] and electron-beam evaporation [22] as well as by solution based 
processing for various applications [10,23-25].However, all reported work on photo response 
of the PLZT films is based on Pb0.97La0.03Zr0.52Ti0.48O3 (3/52/48) or other compositions 
[15,25-28].  
In this work we have prepared PLZT films with composition Pb0.95La0.05Zr0.54Ti0.46O3 
(5/54/46), by MOD technique. The purpose of the present work is to investigate the effect of 
post deposition annealing temperature on the structural and electrical properties of 
Pb0.95La0.05Zr0.54Ti0.46O3 thin films and to optimize processing conditions to achieve films 
with maximum polarization and low leakage current. Morphology/structure and ferroelectric 
properties of the films grown on platinized silicon substrates are reported here. These films 
are being used for investigating the photo response under illumination in UV and visible 
wavelength. To the best of our knowledge this is first attempt to fabricate PLZT thin films of 
5/54/46 composition using solution based MOD or any other method.  
 
2.2      Experimental Details  
 
The composition of PLZT used in this study was 5/54/46 with formula 
Pb0.95La0.05Zr0.54Ti0.46O3 .The solution was prepared in-house using a MOD route reported by 
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Han et al [29] for preparation of Nb doped PZT. The procedure was modified by doping 
lanthanum instead of Nb.  The acetate salts of Pb and  La were used and dissolved using 2-
Methoxyethanol (2-M) as solvent. Zr-propoxide and Ti-butoxide were as added to the 
solution mixture, with intermediate heating and cooling cycles. The final solution was made 
to the desired concentration of 0.4 molar by adding 2-M solution. Figure 2.1 shows the 
typical process flow of our PLZT film deposition process. 
Commercially available Pt/Si substrates purchased from Radiant Technologies were used 
in this work. All of the films were deposited using spin coating technique at room 
temperature, with a spin speed of 3000 rpm for 30 sec. Each layer was hydrolyzed at 120 °C 
for 2 minutes, followed by a pyrolysis step at 400 °C for 2 minutes to remove organics, using 
a hot plate. The process was repeated for three layers to achieve 210 nm thick films as 
measured by a profilometer (Dektak). At this point, all the three layers were annealed 
together, using a RTA furnace (Qualiflow) for 2 minutes, in flowing oxygen (2000 sccm). 
Four different temperatures viz., 550 oC, 650 oC, 700 oC and 750 oC were chosen to 
investigate the effect of post deposition annealing on various properties of the prepared films.   
An X-ray diffractometer with Cu Kα radiation at 40 kV (Rigaku) was used to study the 
structure of the PLZT films.  The scanning rate was 1 o/min, the interval was 0.02 degree, and 
the scanning range was 20-60o.  Roughness was estimated from data obtained from an atomic 
force microscope (Vecco). Circular platinum electrodes about 1000 Å thick were sputtered on 
the film using a shadow mask, with the area of electrodes being 9.1 x10-8 m2. These 
electrodes serve as contacts to measure the electrical properties. All electrical measurements 
were taken using symmetrical Pt electrodes in top-bottom capacitor configuration.  To ensure 
proper electrical contact between two electrodes, the capacitances (Cp) was measured using a 
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LCR (HP) meter before measuring the Polarization-Electric field (P-E) hysteresis loop using 
a probe station (Signatone) connected to Radiant Technology workstation. All hysteresis 
measurements were taken at a frequency of 1 kHz.  
 
Figure 2.1.  Process flow diagram for preparation of  Pb0.95La0.05Zr0.54Ti0.46O3  thin films. 
 
2.3  Results and Discussion 
 
Figure 2.2 shows the ( -2) scans from the X-ray diffraction patterns for the PLZT 
films annealed at various temperatures ranging from 500oC to 750oC. All the films are 
polycrystalline in nature, exhibiting only the perovskite (100) and (110) peaks with no 
presence of any pyrochlore phase. This result is similar to the earlier reported work by Qin et 
al. [28] of  Pb0.97La0.03Zr0.52Ti0.48O3  films on Pt substrates. The relative peak intensity of 
(110) and (100) is seen to increase with annealing temperature for all the films except for the 
 23
film annealed at 650 oC. Figure 2.3 shows the surface morphology of each film as measured 
using AFM, and (RMS) roughness was found to be 4.74, 4.79, 6.35 and 7.61 nm for the films 
annealed at 550 oC, 650 oC, 700 oC and 750 oC respectively.  
 
 
Figure 2.2. X-ray diffraction of Pb0.95La0.05Zr0.54Ti0.46O3 films post annealed at 550 oC, 650 
oC, 700 oC and 750 oC. 
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Figure 2.3. AFM images showing morphology of the as grown films, films were annealed at 
550 oC, 650 oC, 700 oC and 750 oC. 
The dielectric constant εr as a function of bias voltage is shown in figure 2.4.1, and 
ferroelectric behaviors of the films measured as P-E curves is presented in figure 2.4.2. The 
measurements were taken at1 kHz frequency at zero bias. The film annealed at 750oC showed 
the highest value for dielectric constant. The value of dielectric constant dropped from 2075 
for films annealed at 750 oC to 1279 for films annealed at 550 oC. 
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Figure 2.4.1  Dielectric Constant (εr) vs bias voltage for  Pb0.95La0.05Zr0.54Ti0.46O3 (PLZT) 
thin films annealed in temperature range of 550-750oC. 
 
Figure 2.4.2  The Polarization vs Electric field of 210 nm Pb0.95La0.05Zr0.54Ti0.46O3 films post 
annealed at various temperatures. 
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All the samples show ferroelectric switching loop behavior indicating good 
ferroelectric properties. Films annealed at the 750 oC were seen to have the saturation 
polarization (Ps) of 72 µC/cm2 with a remnant polarization (Pr) of 23 µC/cm2 and an 
approximate coercive field (Ec) of 25 kV/cm. The polarization values were seen to decrease 
for films annealed at lower temperatures. The Ps  values obtained from our films are higher 
than reported values for Pb0.97La0.03Zr0.52Ti0.48O3  films grown by solution process with 
similar thickness (196 nm), but for a different composition [28]. 
 
Figure 2.5 shows leakage current characteristics (I-V) of the film as a function of 
applied electrical field.  From figure 2.5, it is clear that current-voltage behavior for all the 
films annealed at various temperatures is almost symmetric in both quadrants. The sample 
grown at 750 oC which showed the maximum polarization was also seen to exhibit the lowest 
leakage current of the order 10-8 A/cm2.  
 
The origin of reduction of leakage current density in films annealed at higher 
temperatures is attributed to the change of film morphology as observed from AFM results 
from Figure 2.3. Films annealed at the highest temperature are seen to have the highest 
roughness of 7.61 nm with larger grain size. The roughness was seen to decrease from 7.61 to 
4.74 nm as the annealing temperature was reduced from 750 to 550 oC. However, the grain 
size is also seen to decrease with decrease in post deposition temperature. 
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Figure 2.5. Leakage current as a function of electric field for Pb0.95La0.05Zr0.54Ti0.46O3 thin 
films annealed at 550-750oC. 
 
In general, grain boundaries are known to be a path for leakage of current. In our 
films since the electrical properties are measured with top-bottom configuration, the observed 
reduction of leakage current and increase in polarization could be attributed to the increase in 
grain size locally. Similar trends of lowering leakage current with increase in grain sizes have 
been reported for a variety of PLZT films [30-32]. Results obtained for Saturation 
polarization (Ps), Remanant Polarization (Pr), Coercive Field (Ec), leakage current density 
(J/cm2), dielectric constant (εr ), obtained at four annealing temperatures are compiled in 
Table 2.1 
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Table 2.1: Saturation Polarization (Ps), Remnant Polarization (Pr), Coercive Field (Ec), 
Leakage current density (J/cm2), Dielectric constant (εr) for PLZT (Pb0.95La0.05Zr0.54Ti0.46O3 ) 
thin films prepared by spin coating and  post annealed at various temperatures using rapid 
thermal annealing process.  
 
Post deposition  
annealing temperature 
( oC) 
Ps 
(µC/cm2)
Pr 
(µC/cm2)
Ec 
(kV/cm)
Leakage 
current 
J(A/cm2)  
(at 0V) 
Dielectric 
Constant 
(εr) 
550 46.49 10.56 31.46 4.87 X 10-09 1279 
650 52.78 14.92 28.29 7.92 X 10-09 1270 
700 46.49 14.56 25.15 3.01 X 10-10 1385 
750 72.40 23.77 22.01 1.52 X 10-11 2075 
 
 
Leakage current mechanisms in lead based thin film capacitors are predominantly 
found to have either interface limited (Schottky emission) or bulk limited (Poole Frenkel (PF) 
emission) [20,33,34] .The Schottky effect is very similar to the thermionic emission, where 
the carriers are emitted from the electrode surface to the conduction band of the 
semiconductor (PLZT), which is aided, due to the applied field and the potential barrier (Φ) 
height. For a Schottky type leakage emission the current-voltage characteristics are given by  
1/2( )
2 ( )*
sVeJ A T
KT
  
        where                                          (1) 
 29
3
1
2(4 )
s
q
Kd


      
 
Here, A* is the modified Richardson constant, Φ is the interfacial barrier height and  βsV1/2 is 
the lowering of barrier height due to image force interaction and applied field [20]. Poole 
Frenkel (PF) emission is the field assisted thermal ionization of trapped carries into the 
conduction band of the PLZT and the PF conductivity is given by  
1/2( )1( )
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E1  is the trap ionization energy and βPF V1/2 is the barrier lowering due to the applied field.  
 
To understand the controlling mechanism of leakage conduction of our PLZT thin 
films, we analyzed the leakage data of the films with respect to both Schottky and Poole 
Frenkel models. Using the I-V data (presented in Figure 2.5) and equations (1) and (2),  log 
(J/T2) and (log σ) for all the films annealed at four different temperatures were computed. 
The log (J/T2) vs V1/2 (Schottky type) and log σ vs V1/2 (PF type) were plotted for each film. 
Figure 6 shows log (J/T2) vs V1/2 obtained from the current in positive quadrant of I-V curve 
for all the films. It can be observed that log (J/T2) vs V1/2 plots follow a straight line, which is 
typical for Schottky conduction behavior.  Such a linear behavior was not observed in case of 
the log σ vs V1/2 of the IV data (not shown). The linear behavior seen from figure 2.6, 
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indicates that the Schottky leakage mechanism is predominant and favorable in our PLZT 
films. 
 
 
 
Figure 2.6.  Plot of log (J/T2) vs V1/2 obtained from the current in positive quadrant of I-V 
curve of figure 2.5; the trend suggests that the PLZT films follow Schottky conduction 
mechanism.  
 
2.4  Conclusion 
 
 Pb0.95La0.05 Zr0.54Ti0.46O3 thin films were prepared by spin coating method using a 
MOD prepared sol. Films were annealed after deposition in the temperature range of 550-
750oC in order to optimize the structural and ferroelectric properties. The roughness and grain 
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size of the films was seen to depend on the post deposition annealing temperatures.  Films 
annealed at 750oC showed the highest values for saturation polarization (72 µC/cm2) as well 
as minimum leakage current (10-8A/cm2). The higher values of dielectric constant and 
saturation polarization coupled with the lowest leakage current  clearly indicate that the post 
deposition annealing temperature of 750oC is the optimum temperature to achieve films with 
best ferroelectric properties for the PLZT (5/54/46) composition.  The results indicate that the 
structural and morphological properties play a vital role on the ferroelectric properties of 
these films and special consideration should be given to post deposition annealing 
temperatures to control the structural and ferroelectric properties.  Schottky leakage 
mechanism was seen to dominate in these PLZT films. 
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CHAPTER 3 
PHOTOVOLTAIC AND FERROELECTRIC PROPERTIES OF 
Pb0.95La0.05Zr0.54Ti0.46O3 THIN FILMS UNDER DARK AND ILLUMINATED 
CONDITIONS  2 
 
 
Abstract 
 
Thin films of Pb0.95La0.05Zr0.54Ti0.46O3 were prepared using chemical solution method. The 
photovoltaic response of the films under dark and illuminated conditions was investigated 
using capacitor type devices with Pt as top and bottom electrodes. The results show that the 
open circuit voltage and the short circuit current of a capacitor type cell can be manipulated 
by controlling the post deposition annealing temperature of the films.  Films annealed at 
750˚C were seen to exhibit the highest short circuit current of 15.83 nA. The influence of 
illumination on properties such as capacitance, ferroelectric polarization and leakage current 
was studied. The capacitance of the film was seen to decrease when illuminated with light 
(60mW/cm2), suggesting that illumination leads to generation of charge carriers. The films 
became leaky under illumination, resulting in an increase in leakage current by an order of 
magnitude compared to the dark conditions. The saturation polarization (Ps) was suppressed, 
whereas the remnant polarization (Pr) was not affected under illumination. Further, a shift in 
the hysteresis loop, along the voltage axis, was observed under illuminated conditions. This 
shift is attributed to the change of a space-charge field with illumination. 
 
                                                 
2  This work is submitted  as “Photovoltaic And Ferroelectric Properties Of Pb0.95La0.05Zr.54Ti0.46O3 Thin 
Films Under Dark And Illuminated Conditions”  by Harshan V N and Sushma Kotru  to Journal of 
Ferroelectrics 
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3.1 Introduction 
  
 Ferroelectric materials have become increasingly important due to their 
multifunctional properties. Ferroelectric thin films are used in non volatile memory, high 
frequency electronics as well as micro electronics applications [1, 2]. La doped PZT, in 
additional to being a ferroelectric, is also optically transparent, thereby making it a material 
of choice for optical applications such as optical MEMS [3-5]. Properties of PLZT are 
sensitive to the Zr/Ti ratio; thus, the choice of composition is dictated by the particular 
application [6].  
 Recently, La doped PZT has been studied for its use in photovoltaic (PV) applications 
[7-9]. One of the widely studied compositions for this application is Pb0.97La0.03Zr0.52Ti0.48O3 
(3/52/48).  Several fabrication techniques are reported to grow thin films of this material, 
including PLD, sputtering, e-beam, and solution based methods [10-15]. 
 Ferroelectric materials are known to have a built-in polarization field, which, among 
other factors, is greatly influenced by the structure, morphology, annealing temperature, time, 
and environment of the material. This built-in polarization field is responsible for the PV 
effect in ferroelectrics [16] and control of this field can be used to tune their photovoltaic 
properties [8, 17]. In addition to change in I-V characteristics, some other properties are also 
affected when the ferroelectric thin films are subject to illumination [18, 19].  Dimos et al. 
studied the photo-induced properties of solution based PZT and PLZT films, using various 
bottom electrodes and ITO top electrodes. The hysteresis loops from these films were seen to 
show a change in coercive voltage and a suppression of switchable polarization under UV, 
and near-UV, illumination [18, 20]. 
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 Kholkin et al. studied the influence of UV illumination on the piezoelectric properties 
of sol-gel prepared PZT films with Zr/Ti ratio of 45/55. In their work, films were poled in 
dark conditions, and under UV light. The piezoelectric coefficient of films was seen to 
increase when films were poled under illumination [21].  This effect was attributed to the 
trapping of electrons near the film-electrode interface. In an another work, Khokin et al. 
showed that illumination of PLZT films under UV light resulted in a decrease of piezoelectric 
co-efficient and dielectric permittivity [19]. 
 Thin films of Pb0.95La0.05Zr0.54Ti0.46O3 (5/54/46) were chosen for this study, based on 
our previous work with this composition [22]. The films were fabricated using solution based 
method [22, 23]. The effect of annealing, on the structure, morphology and ferroelectric 
properties, was reported earlier [22]. The purpose of this work was to study the photovoltaic 
and ferroelectric properties of these films under dark and illuminated conditions. 
 
3.2 Experimental 
To prepare the PLZT (5/54/46) films, “sol” was prepared in house using acetate salts 
of Pb and La and 2-Methoxyethanol (2-M) as solvent. Zr-propoxide and Ti-butoxide were 
added to the solution with intermediate heating and cooling. The final concentration of the 
solution was made 0.4 molar by adding 2-M solution.  PLZT films of 210 nm thickness were 
prepared by spin coating on commercially available platinized silicon wafers [22]. The as-
grown films were post annealed using an RTA (Quantiflow) with flowing oxygen of 2000 
sccm for 2 minutes at temperatures of 550oC, 600oC, 700 oC and 750oC. Circular Platinum 
electrodes of 70 nm thickness and 9.1 x10-8 m2 area were sputter deposited onto the films to 
serve as top electrodes for electrical measurements.  The capacitance of the films was 
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measured using an LCR meter (4284A from HP). A Precision Workstation (Radiant 
technologies) was used to measure ferroelectric properties and leakage currents. All 
measurements were done at room temperature. A setup (figure 3.1), built in-house, was used 
to measure the IV characteristics under dark and illuminated conditions. The sample was 
illuminated from the top using a Xe light source (SCI-Science Tech) and the light was 
focused onto the device using a concave mirror. The intensity of illumination was calibrated 
using a power meter (Newport 1918-C). All the measurements were carried out in top-bottom 
capacitor configuration, using a probe station (Signatone). The voltage bias was applied to 
the top electrode and current was measured using a source meter as shown in figure 3.1. A 
Keithely (6517) source meter, which was interfaced to a computer for data acquisition, was 
used to measure current (I) and voltage (V) data.  
 
 
Figure 3.1   A schematic of the setup used to measure the photovoltaic properties of PLZT 
capacitor type devices 
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3.3 Results and Discussion 
 
Fig. 3.2 (a-d) shows the current-voltage (I-V) measurements of PLZT films annealed at 
550oC, 650oC, 700oC and 750oC, when illuminated with light of intensity 60mW/cm2. The 
current was measured in the voltage range of -3 V to +3 V. The maximum open circuit 
voltage (Voc) was found to be -2.6 V for the film annealed at 550oC. Voc decreased from -2.56 
V to -0.34 V as the annealing temperature of the films increased from 550oC to 750oC. A 
short circuit photocurrent (Isc) of 4.20 nA was observed for the film annealed at 550oC and it 
increased to 15.83 nA for the sample annealed at 750oC.  The Voc and Isc for these films are 
tabulated in Table  3.1.  
 
 The IV curves for the films are seen to have a positive y-intercept and a negative x-
intercept. This trend is similar to that reported for ferroelectric films of BiFeO3 [24] and La 
doped PZT’s on oxide electrodes [7], but differs from our previous work [25]. The trend of 
IV curves of ferroelectric cells depends on the direction of the initial alignment of dipoles in 
the ferroelectric domains of the film.  
 
 To further understand the effect of illumination on ferroelectric properties of these 
films, the capacitance, polarization and leakage current of these films were measured under 
dark and illuminated conditions. For clarity, results from only one film sample (post annealed 
at 700oC) are included here. 
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Figure 3.2 (a,b,c,d) The current-voltage curves of Pb0.95La0.05Zr0.54Ti0.46O3 thin films post 
annealed at (a) 550 o C, (b) 650 o C, (c) 700o C  and (d) 750 o C with Pt top electrodes. 
 
 Figure 3.3 represents the capacitance vs. voltage (CV) behavior of the film measured 
under dark and illuminated conditions. Both the CV curves show a butterfly behavior, which 
is typical of a ferroelectric material.  The capacitance of the film is seen to decrease under 
illumination. The maximum change in capacitance of the films was observed at -1 V bias, 
which was found to decrease from 3.0 nF to 2.76 nF with illumination. The decrease in 
capacitance is an indication of generation of charge carriers upon illumination which results 
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in increase in photo carrier density. A similar decrease in the c-axis dielectric constant was 
observed by Brody [26] in a barium titanate crystal in response to illumination.  
 
 
  
Figure 3.3: The capacitance vs. voltage behavior of the PLZT thin film post annealed at 
700oC  
 
 Figure 3. 4 show the leakage current of the film measured in the range 10 V to -10 V, 
under dark and illuminated conditions. Under dark conditions, the leakage current is 10-8 
A/cm2 and it increases to 10-7 A/cm2 when the film was illuminated. The leakage current is 
symmetrical in both quadrants. Such symmetrical increase in leakage current with 
illumination can be attributed to the generation of photo electrons in the film.  
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Figure 3.4: The leakage current vs. voltage behavior of the PLZT thin film annealed at 700oC 
 
 
 The P-E characteristic of the film, measured under dark and illuminated conditions in 
the voltage range of -10 V to +10 V, are shown in figure 3.5. The maximum saturation 
polarization (Ps) is suppressed under illumination. The saturation polarization (Ps) under dark 
condition was ~ 42.45 µC/cm2. The polarization (Ps) value was seen to reduce to ~ 33.69 
µC/cm2 and -37.08 µC/cm2 in positive and negative direction respectively, under illumination.  
The remnant polarization (+Pr) was not affected under illumination.  A shift in the hysteresis 
loop along the voltage axis was observed, which can be attributed to the charge carriers 
affecting the space-charge field with illumination.  
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 A similar behavior in the ferroelectric hysteresis loop, under illumination, was 
reported by Kholkin et al. for PZT thin films prepared by sol-gel method [19]. They observed 
an increase in the squareness of the loops with illumination, which was attributed to 
compensation of the internal depolarization field of the ferroelectric due to generated photo 
induced charge carriers. Such a change in squareness, and shape of the hysteresis loops was 
not observed in our work. Polarization suppression in PZT films was also observed by 
Warren et al., in thin films of PZT and BaTiO3 in [27]. 
 
 
Figure 3.5: The P-E loops of PLZT thin film annealed at 700oC under dark and illuminated 
conditions 
 It is important to point out that the capacitance measured in dark shows an 
asymmetric CV curve, which could be due to an asymmetric depolarization field in the film. 
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Such an asymmetry is also evident from the polarization loops. Since both the top and the 
bottom electrode are similar (Pt), this asymmetric field can be attributed to the trapped charge 
carriers at the electrode interfaces arising from the difference of thermal cycling at the two 
electrodes. Similar results were reported by Kholkin [19, 28].  
 
Table  3.1: The Photovoltaic characteristics for Pb0.95La0.05Zr0.54Ti0.46O3 thin films. 
 
Annealing 
Temperature 
Open Circuit 
Voltage (Voc) 
Short Circuit   
Current Isc (nA) 
 
550 oC -2.56 04.20  
650 oC -0.90 4.11  
700 oC -0.49 4.33  
750 -0.34 15.83  
 
3.4  Conclusion 
  
 PLZT films of 210 nm thickness were prepared by chemical solution and spin coating 
method. These films were annealed at different temperatures in order to optimize the 
ferroelectric properties. Capacitor type cells were prepared using Pt as top and bottom 
electrodes. The PV characteristics were measured under illumination. The Voc and Isc of these 
capacitor type cells were seen to change with the post annealing temperatures of PLZT films. 
The cells fabricated with PLZT films annealed at 750oC showed the highest short circuit 
current. The film also exhibited the highest polarization. This observation confirms that, to 
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achieve optimum PV effect from ferroelectric cells, the polarization of the film needs to be 
optimized. The capacitance of the films was seen to decrease and leakage current was seen to 
increase with illumination, which is attributed to the generation of charge carriers in the film. 
The maximum saturation polarization (Ps) was seen to reduce and a shift in the hysteresis 
loop along the voltage axis was observed, under illumination. 
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CHAPTER 4 
 
INFLUENCE OF WORK-FUNCTION OF TOP ELECTRODES ON THE 
PHOTOVOLTAIC CHARACTERISTICS OF Pb0.95La0.05Zr0.54Ti0.46O3 THIN FILM 
CAPACITORS 3 
 
  
Abstract 
 
Photovoltaic properties of Pb0.95La0.05Zr0.54Ti0.46O3 thin film capacitors prepared using 
solution based method with metal top electrodes having different work functions are 
investigated in this work. It is shown that by using aluminum, a low work-function metal, as 
top electrode,, the magnitude of photo voltage as well as photo current can be enhanced. 
More than one magnitude enhancement in the photovoltaic efficiency is observed with Al as 
top electrode compared to Pt electrodes. This work clearly highlights that an appropriate 
choice of low work function metal electrode can enhance the photovoltaic response of the 
ferroelectric thin film capacitors. 
 
 
 
 
 
                                                 
3 This work has been published as “Influence of work-function of top electrodes on the photovoltaic 
characteristics of Pb0.95La0.05Zr0.54Ti0.46O3 thin film capacitors”,  Harshan V N and Sushma Kotru 
 in Applied Physics Letters 100 (17), (2012), 173901. 
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 Ferroelectric materials have attracted considerable attention in recent years as a 
potential photovoltaic (PV) material both in bulk and as well as in thin film form [1-4]. These 
materials do not yet exhibit high conversion efficiency as compared to the conventional 
semiconductor based solar devices. Recent observation of achieving above band-gap open 
circuit voltages from such materials, along with the ability to tune the photovoltaic response 
by controlling the ferroelectric polarization, have generated major interest towards realizing 
non-conventional solar devices [3,5,6]. It is widely agreed that the mechanism for the PV 
effect in a ferroelectric material is based on photo-generated electron-hole pairs which is 
separated by the internal electric field arising from the polarization of the ferroelectric [4,7], 
as observed in a variety of ferroelectric oxides viz. bismuth ferrite (BiFeO3), lithium niobate 
(LiNbO3), Barium titanate (BaTiO3) and La based lead zirconate titanate (PLZT) [2,4,8,9]. 
PLZT is particularly interesting material for devices because of its optical transparency and 
lower processing temperature. The compatibility of PLZT films with plastics, transparent 
substrates as well as with transparent conductors gives an added advantage to harness energy 
at the lower visible spectrum in addition to UV sensor applications 10,11. 
 Control of ferroelectric polarization has been reported as a way to increase the PV 
efficiency of devices based on ferroelectric thin films of BiFeO3 [2,3] and PLZT [4-6] . Apart 
from polarization tuning, modification of ferroelectric-electrode interface is a promising way 
to increase the efficiency of the PV devices [9,12,13].  Recently it was observed that the 
photo-voltaic efficiency is substantially influenced by the interface field arising from the 
ferroelectric-electrode Schottky contact [12,13]. This interface-field is polarization-
independent unlike the bulk depolarization field. Therefore, one of the ways to change the 
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photo-conductivity of the ferroelectric based thin film devices is choosing appropriate 
electrodes to affect the space charge densities at the ferroelectric-metal interface [13,14].  
 In general, ferroelectrics exhibit the J-V characteristics of a back-to-back Schottky 
diode in a capacitor configuration. The Schottky barrier at the metal-ferroelectric interface 
exists due to the difference between the work functions, which creates a polarization-
independent interface electric field. Effects of such interfacial field on the photo-conductivity 
of the PZT films have been reported [14-16]. The work by Qin et al.[13] emphasizes the 
importance of the dielectric constants of the electrode material, whereas other reports point to 
the importance of asymmetrical Schottky contacts [9,12,14,17]. 
 The purpose of this work is to investigate the influence of work-function of the top 
electrodes on photovoltaic properties of La doped PZT based thin film capacitors. PV results 
obtained from two types of capacitor devices with metal electrodes (Pt and Al) having 
different work functions are compared. For this work, PLZT sol (composition 
Pb0.95La0.05Zr0.54Ti0.46O3 was prepared using solution-based technique [18] and the films were 
deposited on commercially obtained Pt/Si wafers by spin coating method. The choice of La 
doping and the Zr/Ti ratio was motivated by the work of Poosanas et al [19] , where this 
particular composition (5/54/46) was reported to produce the highest photo-voltage. The 
films were approximately 210 nm thick (measured using profilometry) and were post-
annealed in flowing oxygen using a RTA (Qualiflow) at 750oC. Details on the effect of 
processing temperatures on ferroelectric and structural properties are discussed elsewhere 
[20]. The films were characterized using X-ray diffraction (Rigaku) and surface roughness 
was estimated using a commercial Atomic Force Microscope (Digital Instruments 3100). 
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These films were further used to prepare metal/PLZT/metal capacitor structures by vacuum 
deposition of top electrode using a shadow mask. Circles with an area of 9.1x10-8m2 and 
thickness of 70 nm were deposited to form the top electrodes (Platinum and Aluminum) and 
Platinum substrate served as bottom electrode. Thus in both cases, the bottom interface 
remains the same whereas the top metal-ferroelectric interface is influenced by changing the 
top electrodes. Capacitance of the stack was measured using a probe station (Signatone) 
connected to a LCR meter (4284A from HP). Ferroelectric measurements on the films were 
obtained using a commercial precision workstation from Radiant Technologies. All 
measurements were taken using the top-bottom capacitor configuration. The existing probe 
station was modified into a photovoltaic testing unit with provisions to illuminate the sample 
from the top. A visible lamp source (SCI-200 Science Tech) was used in this work. The 
intensity of the light source was measured and calibrated using a meter (Newport Corporation, 
1918-C). A Keithley (6517A) meter was used to measure J–V characteristics, which was 
interfaced with a computer for data acquisition using LabView® software. 
 Figure 4.1 shows the structural characterization of the film grown on platinized 
silicon substrate. The film exhibits polycrystalline behavior, similar to previously reported 
films grown by a similar technique [6] . Roughness of the films annealed at 750oC was 
measured to be 7.6 nm (inset of figure 1). Dark and illuminated J-V curves of Pt/PLZT/Pt 
capacitor are shown in figure 4(a). These curves are linear for different polarization states 
(positive, unpoled and negative), with a trend consistent with the report of Qin et al [6] for 
PLZT (3/52/48) films with Au top electrodes. Open-circuit voltage (Voc) for the unpoled 
sample was 0.17 V and it changed to 0.12 V after applying a positive poling of 5 volts and to 
0.24 V after applying a negative poling of same magnitude. The short circuit current density 
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(Jsc) of the device was -6.44 x 10-7 A/cm2, -4.06 x10-7 A/cm2, and -7.88 x 10-7 A/cm2  for 
unpoled, positively poled, and negatively poled samples, respectively. From the J-V data of 
figure 2(a), the power conversion efficiency of the device was calculated using the integral 
input power density (48 mW/cm2), measured over the spectral range of 250 nm to 1100 nm.  
 
 
  
Figure 4.1: X-ray diffraction of sol gel grown PLZT thin film showing polycrystalline 
texture, Inset shows the AFM micrograph of the film. 
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 From figure 4.2 (b), the maximum power conversion efficiency in this spectral range 
is found to be 1.03x 10-4 % for the negatively poled films. Owing to the large band gap of 
PLZT, photons with energy smaller than the band gap such as the visible light used in this 
study, do not fully contribute to the PV response of the films. Usage of monochromatic light 
source corresponding to the band gap of the films is expected to further improve the 
efficiency of the films.  The shift of J-V curves with poling is similar to the report of Qin et al 
[6] where the shift is reported to be due to the depolarization field of the bulk ferroelectric. 
Existence of such a depolarization field affecting the photo-conductivity of sol-gel based PZT 
thin films are also reported by Kholkin et al [21] and Fengang et al [22] .  
 
Figure 4.3, shows PE curves of the PLZT film capacitors with two different top electrodes 
(Pt and Al) and identical Pt bottom electrodes. Both configurations showed the expected 
ferroelectric switching loop behavior indicating ferroelectric properties. With Pt as the top 
electrode, the film shows a symmetrical loop with saturation polarization (Ps) of 72 µC/cm2, a 
remnant polarization (Pr) of 23 µC/cm2 and an approximate coercive field (Ec) of 25 kV/cm.  
With Al as the top electrode, an asymmetrical loop was observed having lower values of 
saturation polarization (Ps) and remnant polarization (Pr) (44 µC/cm2 and 18 µC/cm2, 
respectively), and a higher coercive field (Ec) (175 kV/cm). Such a change in the shape of the 
hysteresis loop can be attributed to a possible formation of a thin Al2O3 layer (a few nm) at 
the interface, owing to the tendency of Al to oxidize. Similar effects on hysteresis shapes 
were observed by Ma et al [23] on PZT/Al2O3 bilayers. 
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Figure  4.2 (a): J-V behavior of Pt/PLZT/Pt capacitors under different poling conditions (b) 
Power conversion efficiency calculated from J-V curves using spectral intensity of 
48mW/cm2 
 
 Figures 4.4 (a & c) show the illuminated J-V characteristics and efficiency of the PLZT 
capacitor type devices with two distinct top electrodes. A schematic of the energy band 
diagram of the device is shown in figure 4(b). The PLZT film has a band gap of 3.8 eV as 
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measured using spectroscopic technique (results not included here) and is considered to be an 
n type material [24].  Work functions of Al and Pt are 4.2 eV  and 5.3 eV respectively [25,6]. 
Since the Pt bottom electrode has a higher work function than PLZT, a Schottky barrier is 
formed at the Pt/PLZT interface with an electric field Ein. With illumination, Ein and the bulk 
depolarization field Edp together contribute to the electric output of the device. It is observed 
that when Pt is used as a top electrode, the Voc and the Jsc for the device are 0.17 V and -6.44 
x 10-7 A/cm2 respectively. Both Voc and the Jsc are seen to increase to 0.37 V  and -3.6 x 10-6 
A/cm2 with Al as the top electrode.  
 
 The power conversion efficiency of the device is seen to increase by an order of 
magnitude, from 6.31 x 10-5 % to 7.08 x 10-4 % by replacing Pt with Al as a top electrode.  
The order of magnitude increase in the power conversion efficiency is attributed to the lower 
work function of the Al top electrodes. It is pertinent to point out here that since the work 
function of Al2O3 is lower or comparable to pure Al [25,26], a potential presence of a very 
thin layer of Al2O3 between Al and PLZT, might have further contributed to the enhancement 
of the photo-current.  
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Figure 4.3: Polarization vs Electric field (P-E) behavior of PLZT films with Pt and Al top 
electrodes 
 
It has been shown that distribution of screening charges at the electrodes influences the photo 
conductivity of the ferroelectric films. Further, the use of oxide electrodes, with higher 
dielectric constants, has been reported to increase the efficiency of the ferroelectric PV 
devices [13]. Recent reports by Pintilie [15,27] and Gan [11] also point to a profound 
influence on the PV characteristics of ferroelectric thin films with change in the work 
functions of the top electrodes. The observed increase in the open circuit voltage and the 
short circuit current of the devices is attributed to the asymmetric interface field caused by 
electrodes of different work functions. Influence of such an asymmetric interface field has 
also been recently shown by Gan et al [11] , where a conducting oxide (LSMO) was used as 
the top electrode.  
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There are various other factors which are reported to induce asymmetry in the 
ferroelectric metal interface, such as non-uniform distribution of charge effects, mechanical 
stress by the substrate, thermal annealing, charge injection, and accumulation during 
polarization switching [28-31].  In our case, to minimize the measurement variation, both Pt 
and Al top electrodes were deposited on the same PLZT film. Thus we believe that the 
influence of these factors contributing to the asymmetry should be similar for Pt and Al top 
electrodes, and can be considered a secondary effect. Hence the increased PV response from 
the films is considered to arise from the difference in the work functions of the top electrodes. 
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Figure 4.4 (a): Illuminated J-V behavior of unpoled PLZT films with Pt and Al top 
electrodes.(b) The energy band diagram of the Al/PLZT/Pt capacitor configuration.(c) Power 
conversion efficiency calculated from J-V curves of fig 4 (a) using spectral intensity of 
48mW/cm2. 
 
 To summarize, PLZT (Pb0.95La0.05Zr0.54Ti0.46O3) films were prepared using a solution-
based technique. These films were used to fabricate metal/PLZT/metal capacitor structures. 
The photovoltaic response was investigated using two distinct top electrodes.  With Al as a 
top electrode, the illuminated J-V curves of the device significantly improved and the open 
circuit voltage increased from 0.17 V to 0.37 V. This resulted in an enhancement of PV 
efficiency by one order of magnitude. The improved efficiency of Al/PLZT/Pt devices is 
attributed to the lower work function of the top Al electrode. 
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CHAPTER 5 
 
IRRADIANCE DEPENDENT EQUIVALENT MODEL FOR PLZT BASED 
FERROELECTRIC PHOTO VOLTAIC DEVICES 4 
 
Abstract 
 
Ferroelectric materials have been known for decades but the photovoltaic response of 
ferroelectric materials is a relatively new area of research and has become a fast emerging 
field owing to the fact that high values of open circuit voltages are possible from solar cells 
made from such materials when compared to the conventional photovoltaic (PV) 
semiconductor device. Thus simulation study of predicting the I-V response with cell voltage 
and irradiance is of interest to the ferroelectric as well as electronic device community. In this 
work, the current–voltage (I-V) characteristics of ferroelectric photovoltaic cells based on 
Pb0.95La0.05Zr0.54Ti0.46O3 (PLZT) films were studied and modeled as a function of irradiance. 
The current response at a given irradiance is a function of the solar cell voltage (V) and 
irradiance level (G), which is parameterized, modeled and found to fit approximately to a line 
equation. The experimentally measured I-V data were used to extract the parameters for the 
characteristic equation using a mathematical model approach, which was developed using 
MATLAB® software package. The derived equation was then used to simulate the I-V 
curves at unknown irradiance levels to predict the performance of the PLZT photovoltaic cell, 
and the simulated results were compared with the experimentally measured data. An 
                                                 
4 This work has been published as “Irradiance dependent equivalent model for PLZT based ferroelectric 
photo voltaic devices”. Harshan V  Nampoori, Y. Jiang, J. Abu Qahouq, and S. Kotru, IREMOS, 5(1), 517 
(2012) . 
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equivalent electric circuit model based on characteristic equation was developed to predict 
the behavior of PLZT PV device under various irradiance levels. 
 
5.1  Introduction 
 Ferroelectric photovoltaic have attracted interest  in the past few years due to the 
observation of high band-gap open circuit voltages from such devices. These materials are 
believed to be potential alternative to the conventional Photovoltaic (PV) semiconductor 
technology [1]-[3]. Such devices typically have capacitor configuration with an active 
ferroelectric layer embedded between two electrodes, similar to metal–insulator–metal type 
devices. Among the many available ferroelectrics, few materials such as bismuth ferrite 
(BiFeO3) and La based Lead Zirconate Titanate (PLZT) have been reported to show the 
photovoltaic capabilities [1],[2]. PLZT based films have additional advantage for such 
devices due to their optical transparency which makes them particularly attractive for 
applications towards sensors devices and photo-diodes at the ultra violet as well as visible 
region [4],[5]. Recent work on photovoltaic properties of PLZT devices show that short 
circuit current densities (Jsc) for such devices are in range of nA/cm2 and it is possible to 
achieve the power conversion efficiencies as high as 0.3% with oxide top electrodes [6]. The 
ability to control the short circuit current density (Jsc) and open circuit voltage (Voc) with 
externally applied electrical poling in ferroelectric devices makes these materials promising 
for applications towards non-conventional solar devices [7].    
 Photovoltaic research in a broader sense can be divided into distinct areas such as device 
physics and fabrication, power conversion system design and maximum power point tracking 
control techniques [8]-[17]. This work is concerned with development of a mathematical and 
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circuit model that is useful for simulating and predicting the device performance of a PLZT 
based solar cell and in power electronics applications. The area of ferroelectric photovoltaic 
is relatively new and behavior of devices made from such materials is yet to be fully 
understood. There are a few reports on the photovoltaic behavior of devices with varying 
light irradiance [18],[19]. Understanding these devices in terms of I-V parameters based on 
varying irradiance is essential to further understand and interpret the PV mechanism in such 
devices.  A mathematical model, based on experimentally measured data, was used to 
simulate and predict the performance of the ferroelectric photovoltaic devices. Among the 
various modeling approaches, modeling PV cell with equivalent circuit [20], and curve fitting 
approach is widely used to develop mathematical models [21],[22]. The curve fitting 
approach has been used first in the present work and then an electric circuit model is 
developed. The simulation and modeling studies on irradiance dependent electrical 
characteristics of Pb0.95La0.05Zr0.54Ti0.46O3 (PLZT) based ferroelectric PV cells are reported in 
this work. Current–Voltage (I-V) characteristics were measured at various irradiance levels. 
The input parameters were chosen to be irradiance level (G) and cell operating voltage (V). 
These two parameters were used to identify the output characteristic I-V equation for that 
particular cell modeled by Simulink® tool.  The characteristic equation thus derived, was 
later used to predict the I-V behavior of the cells at different irradiance levels. 
5.2  Experimental Measurements  
 The device was fabricated by sandwiching a thin film of Pb0.95La0.05Zr0.54Ti0.46O3 (PLZT) 
between two platinum electrodes.  PLZT was fabricated using sol-gel method on Pt wafers 
and the electrodes were deposited by sputtering. For this work films with 210 nm thickness 
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annealed at 550oC were chosen to fabricate devices. Further details about the fabrication 
process of the PLZT films and fabrication of device structure are reported elsewhere [23]. All 
the I-V measurements were taken with a top-bottom capacitor configuration with area of the 
fabricated capacitor being 9.1x10-8 m2. A simple schematic of the photovoltaic test setup used 
for these measurements along with the cartoon of the device fabricated is shown in Fig. 5.1. 
The setup has the capability to illuminate the device from top. A visible lamp source was 
used for this work and the irradiance of the light was measured and calibrated using a meter 
obtained commercially (Newport 1918-C). A Keithley (6517) source meter was used to 
measure I-V curves, by sweeping voltage to measure current. The setup was interfaced with a 
computer for data acquisition using LabView®.  
                                      
 
Fig. 5.1 Schematic of the measurement setup used to measure the (I-V) data. 
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5.3  Results: Modeling and Discussion 
 
 Current–Voltage (I-V) characteristics were measured at various irradiance levels from 110-
140 mW/cm2. Fig. 5.2 shows the experimentally measured data, showing a straight line trend, 
similar to I-V behavior observed for other ferroelectric PV devices [1],[18],[19].  Such a 
trend is believed to arise from the mechanism of charge carrier transport, which is different 
for ferroelectrics when compared to the semiconductor based PV devices [3]. 
 
 
 
Fig. 5.2 Experimentally measured I-V curves of PLZT photovoltaic cell under various 
irradiance levels 
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    It is observed that at higher irradiance levels, the noise level in the data is reduced, which 
is expected as   more charge carriers are generated at higher irradiance levels. The data 
measured under irradiance of 120 mW/cm2 and 130 mW/cm2 was used to extract the input 
parameters for the mathematical model, whereas data measured under irradiance of 110 
mW/cm2 and 140 mW/cm2 was used to validate the model.  
 For the mathematical model, irradiance (G) and the input voltage (V) were chosen as 
the input parameters. Based on the experimental I-V data of the PV cell (Fig. 5.2) for the 
irradiance of 130mW/cm2 and 120mW/cm2, the current and voltage (I-V) behavior of a single 
PLZT PV cell was extracted and the fit is  shown in Fig. 5.3 (a and b). From Fig. 5.3 (a), and 
the fit, the equation for the current (I) for the PV cell under the 130mW/cm2 irradiance as a 
function of the voltage (V) was found to be  
 
9 9(5.7 10 ) 1.7 10I V                                       (1) 
 
Similarly, equation for the current derived from fit as seen from Fig 5.3 (b), under irradiance 
of 120mW/cm2 as function of voltage (V) was found to be  
 
                                               9 9(4.6 10 ) 1.3 10I V                                                           (2) 
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Figs. 5.3  Simulated results of I-V curves obtained from experimental data for irradiance of 
(a) 130mW/cm2 and (b) 120mW/cm2. 
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For equations (1 and 2), V is the input voltage for the cell. The open circuit voltage (Voc) can 
be calculated by setting the current (I) to zero. It is observed that the Voc changes with the 
input irradiance, which is also one of the characteristics of ferroelectric PV devices [14]. 
Using the above equations (1 and 2), a complete model based as a function of irradiance level 
(G) and the cell voltage (V) is obtained and is represented by equation (3).  
 
10 9
11 9
(1.62 10 9.8 10 )
( 4 10 3.5 10 )
I G V
G
 
 
     
                                                (3) 
 
 
 
 
Fig. 5.4. The 3D plot of the photocurrent predicted in the range for irradiance (G) from (110-
160 mW/cm2) and cell voltage from (0-3 V) using Simulink®/MATLAB® software package. 
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Equation (3) is the behavioral current equation of the model with the inputs being assigned to 
irradiance level (G) and the cell voltage (V). Based on the equation (3), a 3-D plot of the 
current for the range of irradiance (G) from (110-140 mW/cm2 ) and cell voltage from (0-3V) 
is shown in Fig. 5.4 and a snap shot of the simulation model used for  PV device, realized 
using Simulink®/MATLAB® software package is shown in Fig. 5.5  and Fig. 5.6. 
 
(a) 
 
(b) 
Figs. 5.5. (a) Snapshot of model realization using Simulink®/MATLAB® tool in 
MATLAB® based on equation (3) (b) cell current with cell voltage sweep under 140mW/cm2 
irradiance. 
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     Fig. 5.5 (a) and Fig. 5.6 (a) show the cell model with two inputs (cell voltage and 
irradiance level). Fig.  5.5 (b), shows with simulated cell current with cell voltage swept from 
0V to 3V keeping the irradiance level constant, at 140mW/cm2. Fig. 5.6 (b), shows the 
simulated cell current with irradiance level swept from 100mW/cm2 to 150mW/cm2 with 
constant cell voltage of  1V. The behavioral equation (3) and the cell model from Fig. 5.5(a) 
and Fig. 5.6(a) were used to predict the photocurrent (I) for irradiance  of 140 mW/cm2 and 
110 mW/cm2, which is shown in Fig. 5.7 (a and b). 
 
(a) 
 
(b) 
Figs. 5.6. (a) Snapshot of model realization using Simulink®/MATLAB® tool in 
MATLAB® based on equation (3) (b) cell current with irradiance level sweep under 1V 
operation voltage. 
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Figs 5.7. Comparison of I-V data: predicted model data compared with the experimental data 
for the PLZT PV device under irradiance of a) 140mW/cm2 and (b) 110mW/cm2. 
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 The experimentally measured data for same irradiance is also represented in plots for 
comparison. It is observed from Fig. 7(a) that for the I-V data measured under 140 mW/cm2, 
the model results fits the measured data with a coefficient of determination (R2) [24] value of 
0.9978, whereas for the data of 110mW/cm2 from Fig.7 (b), model fits with R2 of 0.9860. It is 
to be noted that the model fits better for the measured data at higher irradiance (R2 of the 
model is closer to 1 at 140 mW/cm2), which could be attributed to more generated carriers at 
higher irradiance levels, thus suppressing the noise. Data for irradiance level higher than 140 
mW/cm2 could not be measured due to the limitation of our experimental setup. 
 
5.4  PLZT Solar Cell Circuit Model 
 
A cell electric circuit model of the PLZT PV cell based on equation (3) was developed. 
Equation (3) can be represented by a voltage-controlled current-source (VCCS), a current 
source (I_1) and an internal resistance (R) varied with irradiance. The circuit model 
developed based on equation (3) is shown in Fig. 5.8. 
 
 
Fig. 5.8.  PLZT electric circuit cell circuit model 
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In Fig. 5.8, V is the cell operating voltage. I_1 represents the term 11 9( 4 10 3.5 10 )G      from 
equation (3), which is dependent on irradiance (G) but independent of V.  A voltage 
controlled current source (VCCS) represents the term 10 9(1.62 10 9.8 10 )G V      from 
equation (3). The value of internal resistance R varies with irradiance and is calculated as: 
( )
V VR
I f V
                                                                        (4) 
where f (V) is determined by equation (3). 
 
Fig. 5. 9.  I-V curves of PLZT photovoltaic cell circuit model under various irradiance levels 
   
Fig. 5.9 shows the I-V curves derived from the circuit model (Fig. 8) at various irradiance 
levels from 110-140 mW/cm2. It can be observed that, the simulated data from Fig. 9 have a 
close match when compared with experimental data in Fig. 2. This data was obtained by 
simulating the electric circuit model in Pspice® electric circuit simulation software.   
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In this paper we have used an equivalent circuit model to describe a single ferroelectric 
photovoltaic cell. We believe that development of such circuit model is significant and it 
could be used further to predict the I-V behavior of multiple ferroelectric PV devices, when 
connected in series and/or in parallel, which is a part of future work.  
 
5.5  Conclusion 
 
 A mathematical model suitable for a ferroelectric based photovoltaic device using varying 
irradiance was developed using a Simulink® tool of MATLAB®. The model was used to 
characterize a single PV cell I-V data, by choosing inputs such as irradiance and the cell 
voltage. The output of the model obtained from the simulation was used to predict the 
electrical behavior of ferroelectric photovoltaic cells for a range of irradiance and cell voltage 
values. Additionally, based on mathematical analysis and the experimental data, an 
equivalent circuit model of the cell was developed. The model in this work has been 
developed to predict the change in the photocurrent with changing irradiance and cell voltage 
for PLZT based ferroelectric device. The proposed model is limited to the fabricated PLZT 
based ferroelectric photovoltaic device with dimensions 9.1x10-8 m2. However, the same 
modeling procedure can be used to for any ferroelectric device with different dimensions. In 
that case, the co-efficient for the equation used in the model would change and need to be 
updated. This model also can be extended for multiple ferroelectric device structures, 
connected in series and/or in parallel. Future work will shed more light on this aspect. 
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CHAPTER 6 
EVALUATION OF ITO FILMS GROWN AT ROOM TEMPERATURE BY PULSED 
ELECTRON DEPOSITION 5 
 
Abstract 
Good quality Sn-doped In2O3 films, with thickness of 30 nm were deposited using a vapor 
deposition technique known as pulsed electron deposition (PED). The films were deposited 
on (100) Si substrates, at room temperature from a ceramic target of ITO (90/10). A pulsed 
electron beam was used for ablation of the target. Voltage of the electron source was 
maintained at 18 KV with frequency of pulses at 3 Hz. Distance between source and target 
was maintained around 6 mm, and the substrate to target distance was ~ 7cm. Oxygen 
pressure in the chamber during growth was varied from 3.1 mTorr to 20 mTorr. To evaluate 
the quality of grown films, various characterization techniques were employed. Effect of 
oxygen chamber pressure on resistivity (), carrier concentration (N), mobility (µ) and optical 
constants (n & k) was carried out. Optical transparency and electrical conductivity of the 
films was seen to improve with increasing oxygen pressure. Details about the film 
preparation and evaluation of properties are reported. 
 
 
 
                                                 
5 The work in this chapter has been published as “Evaluation of indium tin oxide films grown at room 
temperature by pulsed electron deposition” Harshan V. Nampoori, Veronica Rincon, Mengwei Chen, and 
Sushma Kotru,, J. Vac. Sci. Technol. A 28, (2010), 671. 
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6.1 Introduction  
Transparent conducting oxides (TCO) are the materials which combine high 
transparency in the visible region with high electrical conductivity. Such properties make 
TCO’s suitable candidate material for a wide variety of applications, ranging from 
optoelectronic devices to architectural uses.  Among the various TCOs, oxides of Indium (In), 
Tin (Sn) and Zinc (Zn) have been the focus of research in the past decade[1,2]. This work is 
focused on growth and evaluation of tin doped indium oxide, commonly referred to as ITO. 
ITO is an n-type semiconductor which has a band gap of 3.7 to 4.5 eV. ITO exhibits 
interesting electronic and optical properties including high optical transmittance (> 90 %) 
from visible to near-infra red wavelengths and low values of resistivity (10-4 Ohm-cm). Thin 
films of ITO find use in flat panel displays, liquid crystal displays, organic light emitting 
diodes (OLEDS), photovoltaic devices (solar cells), thin film transistors, sensors, energy 
efficient windows and others [3]. 
ITO is formed by doping In2O3 with Sn. The conductivity is a direct consequence of 
formation of either SnO (2+ valence of tin) or SnO2 (4+ valence of tin) during the doping 
process. The oxygen vacancies also play an important role in conduction mechanism. Major 
research efforts are focused towards obtaining ITO films to achieve highest possible mobility 
with lowest resistivity while maintaining the transparency of the films. There are presently 
many physical deposition techniques available to obtain high quality ITO films such as 
sputtering, e-beam evaporation and PLD [4-8]. Among the chemical deposition techniques, 
spray pyrolysis and dip coating are reported to result in good quality films of ITO [9]. ITO 
films grown by sputtering technique meet the current requirements and quality for device 
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applications; however to achieve such good quality films, the films are either grown at 
elevated substrate temperatures or require post annealing. This work explores a relatively 
newer vapor deposition technique known as pulsed electron deposition (PED) for the growth 
of ITO films where the films are deposited at room temperature. 
Conceptually PED is similar to the pulsed laser deposition method (PLD) which is a 
technique of choice for depositing oxide materials including ITO [7,8,10]. In PLD short 
pulses of photons (generated using a laser beam) are used to ablate the ceramic source target. 
The major advantage of this method is its ability to maintain the stoichiometry of the films 
with respect to target [8,10]. However, limitations of this technique include high cost of laser 
source, eye-safety requirements, as well as issues related to scalability. In PED technique 
instead of photons, energetic electrons are used to ablate the ceramic target, which is suitable 
for wide band gap materials. This process being scalable and low cost, makes this technique 
worth exploring for depositing films of various materials including TCOs. 
In this article, growth of ITO films by PED and the preliminary results on the optical 
and electronic properties of these films is reported. Previous work on growth of TCO films by 
PED includes deposition of SnO2 and Mo doped In2O3 films [11,12]. To this best of our 
knowledge, this is the first report on ITO films grown by PED. The motivation for this work 
is the integration of ITO films with ferroelectric materials for photovoltaic applications. 
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6.2  Experimental 
ITO films were deposited on (100) Si substrates using pulsed electron deposition (PED) 
technique [11]. In this method an electron gun is used as a source for generating a pulsed 
electron beam. The PED gun used in our experiments is a commercial source, PEBS-20, 
manufactured by Neocera, Inc. The PED gun parameters are: 8-20 KV charging potential, 3-
20 mTorr of background gas pressure, beam energy of 0.2-0.8 J, pulse width of 100 ns, 
maximum power density of 1.3 x 108 W/cm2, a minimum beam cross section of 6 x 10-2cm2 
and a rep rate of up to 10 Hz.   A schematic of the chamber used for depositing the films is 
shown in Fig. 6.1 [13]. Here the electron beam acts as a source to generate plasma from a 
ceramic target. The target used is a commercially obtained sintered ceramic ITO target (90 wt 
% In2O3+10 wt % Sn2), one inch diameter and 0.25 inch thick.  
 
Figure 6.1 Schematic diagram of a pulsed electron deposition system used for deposition 
of ITO films 
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During all our experiments, the voltage of the electron source was maintained at 18 
KV with frequency of pulses at 3 Hz. Distance between source and target was maintained 
around 6 mm. The target to the substrate distance was fixed at 7 cm. The vacuum chamber 
was evacuated to the base pressure of 2 X 10-6 Torr prior to deposition. Films were deposited 
at four pressures viz., 3.1, 6.5, 15 and 20 mTorr, the pressure being maintained by controlling 
the flow of oxygen gas (99.999%, pure) introduced in the chamber. The substrate temperature 
was maintained at room temperature. All the samples were deposited with 5,000 pulses 
resulting in films thickness of 30 nm and a deposition rate of 0.06A/pulse.  
The sheet resistance (Rs) of films was measured using a four-point probe (Jandel, 
RM3) Resistance was measured at 5 different points on the films, and then averaged over 
these values. Films thickness was measured by profilometry (Dektak IIA) and verified by 
spectroscopic ellipsometry (VASE, JA Wollam). Resistivity of these films was calculated 
from the relation, = Rsts, where ts is the sample thickness. Here sample thickness was 
assumed to be uniform through the film. Resistivity values were averaged over three 
measurements at each point. Mobility and carrier concentration of these films were measured 
using four probe resistivity setup (MMR Technologies) under field strength of 2500 Oe 
provided by a permanent magnet. Data obtained from ellipsometry was used to calculate the 
optical constants such as refractive index (n) and absorption coefficient (k). The structural 
properties of these films were analyzed using X-ray diffraction (Rigaku Instruments). 
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6.3  Results and Discussion 
6.3.1 Dependence of electrical properties on oxygen pressure  
The electrical properties of ITO films are known to be depending on the deposition 
parameters such as substrate deposition temperature, oxygen pressure, film thickness and 
composition.  During this work, the films were deposited at a constant substrate temperature 
(room temperature). Thickness of all the films was in the range of ~ 30 nm. Oxygen pressure 
was varied from 3.1 to 20 mTorr to observe the effect on the electrical properties of ITO 
films. Fig. 6.2 illustrates the variation of resistivity (), carrier concentration (N), and Hall 
mobility (µ) as a function of oxygen pressure for the ITO films grown at room temperature.  
It is found that the films grown at the lowest oxygen pressure of 3.1 mTorr exhibit the highest 
resistivity of 1.947 x 10-3 ohm cm. As the pressure increases, the resistivity of the films 
drops. The lowest resistivity values (0.226 x 10-3 ohm cm) were seen for films grown at 
higher pressures (20 mTorr). Further increase in oxygen pressure was not possible due to the 
limitation of the PED process range.  
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Table 6.1:   Resistivity, carrier concentration and mobility of ITO films  
Films Thickness 
Oxygen 
Pressure 
(mTorr) 
Resistivity 
(10 -3 Ω -cm) 
Carrier 
concentration  
(cm-3) X 1020 
Mobility 
(cm2V-1sec-1) 
3.1 1.947 0.0305 70.57244 
6.5 0.4487 1.04 19.79761 
15 0.2282 Not measured Not measured 
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Figure 6.2. Variation of resistivity, carrier density, and Hall mobility as a function of oxygen 
deposition pressure for the films grown at room temperature. The film thickness was 30 nm 
for all films. 
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Films which were grown at the lowest pressure (3.1 mTorr) exhibit high value of mobility but 
a low carrier density, which results in high resistivity.  It has been reported [14] that the 
factors influencing mobility are the grain boundaries and the scattering effect, due to the 
creation of oxygen vacancies. Crystallinity of the film and the relaxation time of the electron 
transport also affect the resistance of the sample [14].  As the pressure increases from 3.1 
mTorr to 6.5 mTorr, mobility of the films drop whereas the carrier concentration goes up.  
When the oxygen pressure is increased further to 20 mTorr, there is no appreciable change in 
mobility whereas the carrier concentration of the films drops slightly. This indicates that 
higher pressure (3.1-20mTorr) leads to incorporation of oxygen into the films creating less O2 
vacancies thereby reducing mobility, increasing carrier concentration and thus reducing the 
resistivity.   
The quantitative values of resistivity, carrier concentration and mobility of the films 
grown at various oxygen pressures are summarized in Table 6.1. A pressure range of 6-20 
mTorr is suitable for obtaining films by PED, with low values of resistivity, and high values 
for mobility and carrier concentration. Although the resistivity of the films is still high 
compared to some reported values, the combination of low resistivity coupled with high 
mobility and carrier concentration at room temperature deposited ITO films, makes the PED 
technique worth exploring for such work. 
6.3.2.  Dependence of optical properties on oxygen pressure 
Optical constants such as refractive index and absorption co-efficient were calculated 
from data obtained using spectroscopic ellipsometer. Fig. 6.3 shows the dependence of 
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refractive index (n), and extinction coefficient (k) on deposition pressure for ITO films grown 
at room temperature. As observed from Fig. 6.3, films deposited at lower pressure have 
refractive index close to 2.0 (at 550 nm) where as the films deposited at higher pressure show 
lower value for n (<2.0) at the same wavelength. Thus as the working pressure increases, the 
refractive index and the extinction coefficient decreases. A similar behavior has been 
reported for the sputtered ITO thin films [7]. The optical constants of the commercially 
available ITO films grown on glass substrates are also reported to vary with annealing and 
roughness of the films [15].  Such studies are underway for the PED grown films and will be 
reported in future communications. 
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Figure 6.3.   Variation of refractive index (n) and extinction coefficient (k) for ITO films 
grown at different deposition pressures  
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6.3.3. Structural properties 
Fig.  6.4 (a) shows the x-ray diffraction pattern of a 30 nm thin film of ITO deposited 
on Si (100); the film was deposited at room temperature at two oxygen pressures.  It is clear 
that the phase of ITO films does not change when grown under different oxygen pressures as 
both films show strong peaks from (222),  (411) and (431), which correspond to the ITO 
peaks (data compared with JCPDS files for ITO). Fig. 6.4 (b) shows x-ray diffraction patterns 
for an unannealed and annealed film, the film being annealed at 400°C for 40 minutes in 
flowing oxygen.  
  
(a)     (b) 
Figure 6.4  XRD diffraction patterns of ITO films deposited on Si (100), with thickness of 
30 nm (a) films deposited at two pressures (b) unannealed and annealed films 
 The optimized annealing temperature and time were obtained by annealing the films 
at various temperatures and times (not reported here).  The post annealed films do not show 
any change or shift in peaks or in the phase. This suggests that as deposited films by PED 
 93
under the reported conditions are crystalline and further annealing of films does not help in 
promoting the crystallinity.   
6.4  Conclusion 
Thin films of ITO with thickness ~30 nm were grown on silicon wafers at room 
temperature using pulsed electron deposition technique. Effect of various oxygen pressures 
on the electrical and optical properties was investigated.   Films with low resistivity values 
~4.487X 10-4 ohm cm, mobility ~19.79761 cm2 V-1sec-1 and carrier concentration ~1.04 X 
1020 cm-3 were achieved when films were deposited at 6.5 mTorr oxygen pressure. These 
results suggest that films grown by PED at room temperature in oxygen pressure range of 6-
20 mTorr is the optimum range for obtaining films with relatively low resistance, high 
mobility and carrier concentration. 
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CHAPTER 7 
CONCLUSION AND FUTURE WORK 
 
This dissertation investigates photovoltaic properties of ferroelectric Pb0.95La0.05Zr0.54Ti0.46O3 
thin films.  The films were prepared using solution based metal-organic decomposition route 
and spin coating method. Multiple experiments were required to obtain the parameters which 
resulted in optimized ferroelectric properties.  
 The photovoltaic characteristics of the grown films were investigated using a 
capacitor type device. An experimental measurement setup was assembled to measure the PV 
properties. Post annealing temperatures of these films were found to influence the photo 
response. The film annealed at 750oC was found to show the highest photocurrent. The effect 
of illumination on the properties such as capacitance, ferroelectric polarization and leakage 
current was analyzed. The capacitance and the polarization of the PLZT films were observed 
to be suppressed on illumination.   
 The electric field at the metal-ferroelectric interface and the depolarization field 
within the films is observed to affect the photovoltaic characteristics. Two types of electrodes 
with different work functions were investigated to study the PV response of the capacitor 
type devices. It was shown that the use of a low work function metal electrode, such as 
aluminium, increases the efficiency of the ferroelectric photovoltaic devices.  
 The current–voltage (I-V) characteristics were measured and modeled as a function of 
irradiance. The current response at a given irradiance was modeled and found to fit to a line 
equation. An equivalent electric circuit model based on the characteristic equation was 
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developed, to predict the behavior of a single PLZT photovoltaic cell under various levels of 
irradiance. 
Pulsed electron deposition technique was investigated to prepare films of a 
transparent conducting material, ITO. The grown films were evaluated for resistivity (), 
carrier concentration (N), mobility (µ) and optical constants (n & k). Optical transparency 
and electrical conductivity of the PED grown films was seen to be comparable to the films 
prepared by other methods. The purpose of this work was to evaluate the feasibility of these 
films as top electrodes for the capacitor devices. Use of transparent conducting oxides is 
expected to further improve the efficiency of the devices. 
 The area of ferroelectric photovoltaic is relatively young, and more fundamental 
research needs to be carried out, before this technology can become a reality for future PV 
devices. In this work, some fundamental research issues such as optimization of process 
parameters to achieve films with good ferroelectric properties, is addressed which is essential 
to obtain a good PV response. The influence of low work function electrodes was 
investigated as a means to improve the efficiency of the devices.  The focus of this work was 
on polycrystalline PLZT films. Further research is needed to study the photovoltaic properties 
of epitaxial films, which are expected to improve the efficiency further. The growth of PZT 
films on a PbTiO3 template has shown to improve the ferroelectric properties. Improving the 
orientation of ferroelectric films by introducing a template layer is another way to improve 
the efficiency of these devices, and should be studied. 
 The ferroelectric-electrode interfaces often act as traps for oxygen vacancies and are 
not neutral. The charges generated in bulk are trapped at these interfaces and do not 
contribute to the total photocurrent from the material. The use of conducting oxide electrodes 
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can significantly reduce the number of oxygen vacancy traps. Thus, proper choice of the 
electrodes can further improve the efficiency of the devices and should be explored.  
 The model established for single ferroelectric cell can be extended to multiple cells 
connected together to improve the power output of these devices.  For such model, it is 
crucial to have a control on the internal field of each cell. This work should be pursued 
further to improve the device efficiency. 
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